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In the present paper tne results of the tneoretiuail 1ovesilgation o
tne star-snaped radiatiors are digoussed.

‘tne paper consists o1 the tnree paria. 1ne xiret part aeals witn tne
one-~dimensional problem ot tne optimum size and number O neat rejeotion
triangular tins radhally arranged at tne apices 0Ol tne polyhearal prism witn
mutual irradistionm ot the tins ana The surtsaoe Or the 000ied prism.

'ne gumerical solution O0x the problem 18 obtainea wiin the assumption
tnat the temperalure gradient aoxoss wne Iin is negligible au comparison with
that ox along tne tin and surroundings are sssumed as & blauk body ot zero
temperature, fne relationships ot dimensionless parameters &re given whiun
determin® the optimum (wifh respeut to weignt) number 0f Xins 8nG TO9lX ¥9O=
metry ror any combiuation of the @ooied prism vemperature and size, amoun$
0f the rujeoted heat, the emissivity of raaiati-ng tins and heet comnduotivity:
0%t the tin material.

It is found thrv tne optimum (in the sence 01 weignt) number oX radia=-
ting tins ino¥easas Irom 4 ror black emitting surraces to about 10=-11 troz
the emisgivity Or tnese gurfaves 0t the order o0f O.5.

In the gecons part tne thermal radiation oneraoteristics 0f tae iuxie
nite system ox the four-rin-star-snaped ooplanar radiators are oaloulated
taking into acoount the mutusl irradiation oxr all ragiator elementg. fThe
problem is solved numeriocslly uncer tne same Aassumpiions as in tone riret
part. The relationmships ot the oimensionless psrameters are given whiuh sllow .
to oaloulate alil vne optimal onaraoteristiva Of tne ayatem I0xr any cilssance
between the adjacent radiators oY the system., Im the third part vhe problem
18 disoussed taking into consideration the ettect or the thermal reaistance
ot the coating wnioh may be used tor increasing the emisaivity 0% the radia-
ting surtaces on the tpermal rsdaiavion charaoteristios 0f tne four-1in-
svar-gnaped raajaters. In adaivion to the avove asgumptions 1t was suggesteq
tnat tne neat raves along tne 1in in tae coating are noéligiolo in comparison
with tne heat rawsa along tne tin, {ne given relationships 0% the dimensionw
1ess paraneters desgoribe Ine erroutivensss OI the coaving 10rx an&’noat uon=

- ouotivity 0r vnv laviur ang tne raaiator parameters.
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5 | ¢ I. Optimum Contour ot Heat Rejeotving yrriaugular Fins o
s witnh MNusual Irradiation outwewn Pios and (ooled Bage 3urigsuus

: Ist us oomsider tne one-uimensional problem ot devermination of the
op uﬁmm ai}s and number ox heat rejecsing triangular tins raaially arrangea
e . atv tne apiues 0X une polynearel prism taking into acoouns mutual irrediavion
v ot tue Iins ana the bage amurzave (Fig.l). Iu une ocase 01 negligible base-sur-
&? Iau® 8ige suun a provlem was disoussed tor tne ¥ins O0r tne Opevimum (ms1.1)
8na triangular oonwur (ReI.2).

We snall ceal witn tne Tmin fins 10Y wniun tne law of tnermal rauia-
ti0n aua the eguatiou 01 tnermal vowuuuvion along & fiu are true in tne

torm of1
: ' ( PR &
F@X):-A(L-2)F = ‘ . (1)
4 . - Lda@):-g(x)az (&)

wnere Q(x) -~ tne heat tlow utnrou-gn tne £1n seotion wish x-pogition
A = tne rin material vaermal conauutivity ooerzicient.
of - tue angle betwewn ine siae taces oi & 2in
q (x) dx - tne resulvanty radiation irom sne tin surigoe viwmeni.
Bguations (1) ana (2) leaa t0 tne 10llowing exprusgion 30r the Q6LuL-
muavion ot iemperasture distributiou along & 1ius

e ' .
(4-=) L - 2T 2020, (3)

vonsiuver 1{rst tne trapeJomaL'nua 0I lengtn l, (Flget)s Ju tnis
0686 tne bouudary comdivious ror eguasion (3) may be wrivien ag

4 8)TeT,etx=0, b) Ll aget x =4, (4)
ﬁ o Jnen deverminmiug Q(X) we shall assume that tue 1in suriave raglaviug
‘fk element 1s &t vne ceniral plawe aucd tne parameters Or tN® SUrrounviugs

58“2 =1 ana T gur ® O+ Then tne expresgiou 10r §(X) will nave tne
torm ox (Ref.3)
\§ ) = Blx)-Hy (B H,, (%)=
e .
i _ CotANC#X)Sinfy A2 (5)
: Bx)-4 / B(2 ¢
Z) y : [(2e#2)%4( 20 02)°-2(20+2)(20 v ) Ca) ] ¥

On ] L 4
L[ X ycos ¥R o
| 2 24 BN En easysiagey

wnere b’- Y is the aﬂglo betw+en tne oentral plasnes ot two adjaceny iios.

%; In equavion (%) B(x), B-(2), B;(y) = tue erreciive zaauiaus
Xiowe per unit area and time ivaving ne rin surtaves %x®, %z® ana tue
h prism surzaves ®*y® are ueiprmined by tne followiig relations:

+

T aEL TRy

L}
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B(x): 6676{3)*(/-6}[//"’9)*%4_:('”)] (6) _
B(3) < E8T2)+(1-E)[H, x"(z)ﬁg,,(z)] N
B,(Yy)ECT. +(1- E)H (9)*/-/ (y)] (8)

Xy

where }{a'z(x . _y*x (%) + Haewa(2) + Hyea (2) - ere tne heat
ylows vrangrered xrom the adjaoent fiu and tpe prism surraces to the fin

wnivu is of q.nteroatz
Howy (9 Hy oy (Y) - sre the heat flows from the tins to tne prism
surtace.
¢ne melavions determining H‘,Qx(x), f‘“(x) are evideat from equa~
t1on (5)e The neat tlow Hyﬂ[z)xa deverminea by the rolloning expreseion) .

_ 2 (y,-9)cos” g"’}' ,
#0237 é’/ q{ Y [(4- )% 25422 (%-9)Sin se]%

Tne nheat tlow relations Howa(R) 3 My, (%) 3 /-/3' (Y) bre ob-
saina rrom the expressiona tor H () % (x) » y
20 ’ //y-oac ) H]‘)(‘a)l

provided that tneir variavles are iuteronanged.

Introduoe tne rol:owing dimensionless variablest

LR R g

(9)

2, : , H = g8 (10)
Atver integration witz‘tnc usczd-l che aeoozﬁ boundary congizion, tne sguaw
tiom ()) in tuese vanaolos will be wrivten as

(4- Z) o= my[e(x) JE)-H,  ®]dE=0 (u,

4 67;

N = 1% ’ (12)
. BE)ET - (F)HA,, )] (13)
8, (y‘).-&(»'-e)[ Haw(9)*Heny (9)] - w4)
> - f (Bt Z) (Bt B)SA%)y o3 .
Hyo =’ / Bm[(e.a VH(8ar X )2 2(8547 N2t )OSy ¥ e
= R Zycostdp oy (16)
H 2 (%)° e 5.(3/) (7% ¢ +8xy5m£)’% an

- . X g cast J;éa'x '

// (.‘/) e/B(x)(x +exy.§n3'/2)/"
/7 J(y. g)costyp o (18)

9y BE
ey (5 e/ 97250 -gMind o] ¥

Due to symmetry ot the provlem, S(E 55(3) at Z:3 e vboun-
dary oondition for eguation (11) will be 240 ot XZ-o
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Aooomixig v0 squaviou (9) the nvat loss trom Thé surraces Ol on iin

will be writven in Lne gimensiounless variesvles as

g, R2ALOT; /[6(x) Hy o lF) = Flyor ()] oI (19)

Sinoe resulvant heav tlow rauiated ryom %he surrace 0x vae 000 lea

prism eguals’ To
(20)

G, () B(9)-Haay (9)~ Haay (%)

,.the amount ot the pegt in the dimensionless variables radiatcd from prisn

surtace will be determined by the following expression:

X (21)

9/9 = 4, 6’7'/[ B{y) x-oy(y) zcy(g)]d;

Iet us find the emission ooerficient of the system.wnich is tne
ratio ot tne heat ( CL 1n t (1 R radiated by tne system to the heat
Qulm whion would be radiated by Lnia system it tnhe fin maverial conduoti-
vity were intinitely nign and & were one (ReI.b)e

Tus expression t0r G ye0e nes tne torm

D 52 (4y+ 20)GT4Sin T2 (22)

and the emission coofﬂcient is aeterminea by

) y -8
e: E(148,)5indle {é’/gm (.x)dxf- g (.9)0’5/} (25)

0ot the parameters

trom wnioh it is seen tnat vns ooerxioiem is a tunctsion
N, b’, 8, and & . [uas, the nwat radiatved by ine sysiem eguals vo

Vo DT 0 Pt 8”?'[1(/'30)67:05‘:”%' (24)
tne solution or tne set of eguations (1l) through (18) ana (23) gor the
triangular ins was derived numerically ss an aaympmtioal ons at 4 ~* 40

and 4—+0 -

16 relationsnips between tne amiasion coerriocient e,anu tne dimenw
sionless tnermal oconguctiocn parameter/are given in tigures 2,3,4 ana 5 10I
various values ot the parametérs Y, 2o and & .

By using the relationsnips 01 rugures 2 througn 5 and having 8 numper
ot tins and & selected, the optimum geometry of triangular fins oan b6 easy
devermined provided wnat tne temperaiure 7:, , the prism aige é;ar.u tny
amount 0t tne radiatea heat are kmown. Really, using tne relation-emps

(~)tor seleoted n,E ana 2,values, one can determine ol from
Oxpreeuions (12) and (24) xor a numver of A4 values ang, taus, evaluave tne
miumimum aree ©0f & fin., Cnis caloulation results are repregented in rigures
t,7 and © wnere F* ans 2. are tne dimensionless veriables, relaved with
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>
physioal magnetudes by the tollowing expressions:
- F é‘,\c 2o 25
s . o = ) ( 3)
e %z
‘ o7,
where /' is the total oroas-’-sootion area of tuo system of the opvimum triangu
gular fins, F;Pt‘“ X X5 is tne Oross-ee0tion Area or the opil-

' punm fin ot minimum weight (Rex.4).

In figure 9 the relationsnips between No,s and £,%are given. Using
them togethner witn thne figures o,7,8 tne optimum tin gaometry oan ‘be vetere
mined immediately.

The relstions £t Ftn)at 2.°:0 , reapresented in tigures b,7 and 8,
gorrespond te the osse of the negligible prism size,

In accordance witn equation (24), at P é.’nJ' 2Y7
aegeneration ot rins ooours (inm tnis case £ = & and é',zoo )e

Iv is evident that equally witn inoreasing the optvimum rin number
wnen tne emigsivity diminigneas the opuimum rin number ipnoreases with the
inorease ox the paramever 2,*

the dotted curve for tne system 0r the optimum fine egually spaced
arouns @ base prism 18 given in tigure v (Rer.l). It is seen that at

a complute

20 ena & :40 tne onange Ot tne Opiimum Iius by the triangue
;
lar 1ins results in tne increase Or Tne Iin 0ross-geusion by AHOUL & per
i‘ osnt.
A $ 2. Tneoretival Iuvestigation of Inemal Raaiation

Cnaradterigtios of Inrinite Parallel suar-Shaped
Radiator System

Consider thne problem ot caloulation ot the vtnermal radiatvion onarao-
terlatics ot the intinitse raaial ooplanar rasiavor system having tnes neas
rejeoting triangular fins (Fi1g.10).

Tfue mathematiocal moael or tne rauiator system section is snown in
figure l0a with the main geometrical parameters.

Tne governing eguatvion tor the problem solution are tvme enaxXgy
; Oonservation eguations tor tne ardbitrary elemeuta dV, , oV, o2 tne
trensversal and longitudinal radiator tins (£ig.10b)

a’"71' d?: Znn x) :
(£-2) dx®. dx e o (20)
. Feees (R0
—_————c 0
) dx" dxf A %p 7 (27)

wnere q,.m(x) Qeres (Z) 8&re the resulting reaigtion rlows trom tne sige
Taces S, S, ot tne elements AV, AV

| First, oonsider the trapesoidal fing (Fig.10b). In tnis case one oan
a write the following voundary oonditions for eguations (20), (2/):

e it

1
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6 -
‘ 7,°Te at x:0 - (20) i
g:q at T 41. ’ (29) ;
adrn ‘ (>4)
= ¢ =
dz 9 et d

Aouording tO the metnod Or tne resuliing raaiation, rxpressions aesuribiug
tne rlows of the resulting radiation Q.. (x)» Qeoes (2) DBVE the yollowing
torm: .

?lg“ (-‘”)-"9:(-2)‘/(3...;(5”)"f.{yo.x.(x)‘l‘/j..;(x)‘/ﬁ..x(x) ‘f/x,, 52) i
Dares (3) = Bal2)=Hy oy (3)~ Hyoald)~ Hy 1o(@)- He og(®) . |
where 4 "

8,(x): E6T; ) +H(1-E)[ Hyuy () +H _(2)+ (4)
? Hesx (.'C) +}$"3 (x) *//i-’x (“r)] | |

48 the flow of the eftective radiation trrom the sidae faue dSt 0% The 9le~

ment AV,

Be(2)= EGT () #(1-E)[Hros(2) #Hyug(3)+  (39)°
*//“_-08(2) "/(/‘-’;‘ (3)]

18 the ti'dw ot the etreotive radiation trom the side race d.f‘or the elé=
ment dV), (fig.100),
//3-0:(3),' ﬁfy-o.nél’) H ”4'-.5[ x), HJ‘—ox(x))’ Hx-ox( x)

. are the total neat rlows radiated trom tne surraces denpoted by tne 1irxst
letter ot the index to tne surrace oS, ”x-vim)i”y-vaa)f/{/—' ) /fx»z(-%)
are the total heat rlows radiated rrom tne surraces “x%; y° ‘J.5 kK
to the elemental surtace a’s‘: .

Similarly, the rlow of resulting radiatiou leaving tne baeseé suriacve

equals to
Doras (9 = Bs(Y)Heel 9)-Ha e (9)Hrey (90 _ (50)
wnere ' "/(j-oy(.y)"”g‘-oy (9) -

@(y):ééz;‘f (1-E) oo flIMHy g (9 )1 Hic =g (9D 2K o), (9) ] (31)
18 the flow 0f the erreotive raaiation Irom The base surrace and

”x«oy (y); Ha—oy(y)f ”‘k—oy(y);/(/‘-']('y)’ "/t-'y(‘y) '
are the total heat flows radiated Trom the surtacvs, denoted by tne Iirsd
lettex of tne index, t0 tne base suriace, ’

I1ategration of eguations (26) ang (2¢) using thne boundary oonditions
(29), (51) and tne dimensionless variables (40) ylelas tne 10llowing set OX
tne eguations £oxr the rediator: ' ’
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¢
1

('(' "")a’" ’ ”/2"“{i)dx:0 (2v8)

(218)
(A Z) d"év-/:/gew(z)a’z o

where | - 4,67;3
. 2%

(12a)

-

Une()7 B,() Ky onlB)= iy H,(5)~ I )R i)
_ q'!w (&) s 5&‘(5)‘;/;-02(2)'@-’3(5)-/73-.,2(5)-/2‘,,3 z) (558)

B(%)2 ETYR)#(1-E)] AporlE)HH, , (Z)*

7 =, 7 -, T - (548)
+/'/x+x(x)+/j’,x(x)*ﬁi-'x(x)] *
B, (2)=ET()+(7-E) x,z(.z)f o (Z) + 350)
' - *#k-’z (.z)+//,,a (2)]
L - (e,#z)(e, +X)da 7 (34)
_: k // (%07 8/'3 (2)[(30,2) 45 2)° ]
b x y dy
’J:-aV"‘ é',=1°-4=—— + (40)
- (25,4 E+2)°dR .
Freun#) 1) 800 [Trmans Freyi® W
~ ° - (2 f.i)(e,*éfe - ¢)d¢ w2)

Hiox /j) e/B (‘)[('z fx)+(a + Pt d"]‘w
j-8 ° [(2%,+ 8 +2)VB- ] ] (23 ExeR)al)
(%) V"'!B (/ (x;"'? )+[(.?e,*é¢.-3))/"-°,] } * 43)
(2tXN2, +Z )% ‘)
(2)* /B(x){(,a *'i)e{ZfZ)a] K72
%-;(z)-ifa(y 2052500

5205~ 3 E G-IV uw
(St R +E+E-3) -7

Aenal® e/ﬁ(x)[(z cEPaie e BT )
é (3- yé)(efe-.?.)d/ | )
Fjeal30° 5, B PNCIEIEN W
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By(5): E+(1-E)] Hpoy (9)7F . y (5 )M, I Hr ST (5)] (5)

- X g ox ‘
x*y(y) /5f ) (ZEGEeE GV . (48),
204" g)oa (a9

/v;,,{ﬁjei/i(ﬂ[l it e T
(200358 ) 422, 00EWG-5)VEJAR (50

A“'i (5): / G« ){ﬁ?ez,*cm )%/ e+ E-)(%~ 9)"]’ *

[+ G -PYE ]2+ ‘
Hiey(9): 5 5:0){75%5‘3‘25“5{3)»/‘]”(9'!)*0,

(9, -9)(2+€- ¢)a’4 (52)
H{*’(y) r /Be( ){[2*5'/-)*(.‘// )V"Ja*(e*g_‘)é‘] e

The nounnary oonaitiona ror eguations (20a) ang (2/a) are

(v4)

Tz d0 at X T 0 (2va)
To: 4,0 at F:0 (300)

Tne expressions 10r the total neav flows wnion ars oconoluded into the @bove
g6t 01 the eguations nave been ootained on Ine opasis of tne 10rmula tor tne
elemental neat tlow rasciated trom tne intinmitely tmin and long strip o3z to
elemental area WS (FLg.l0u), (Rete3). d/-/:g&’%’.‘.& _assuming tnav
radiating ¢lements or the fin surtaves are tneir central planes.

Tue get of ogu;t'ions (2v08), (278), (>4a), (35a), (37a) togetnsx witn
the boundary condivions (28a), (30) snd tormulas (352a), (338), (Sb) vhrougn
(52) determines tne proovlsm solution completely.

From the results of the provlem solution tne tvotal radiastor-section
neat loss data are of tne most practical interest. The amount 0f tne neal
radiated from ons rave 0f & transversal fin (of unisc width) 1@ determined
by she tollowing oxpxession:

@y 4G /ymrx)ax (52)
Similarly, the heat loss trom one tace 0f & longitudinagl fin o’uals %0
/
14 - -~ —
R 4O [ Gy (25 (54)
. o L4

- Acdording to eguation (Jo) the amount of tne heat, radiated ny the prism

surfeoe (0f unit widtn) will be wrigten as
o =48
- ¢ - - -
&,.7 4O, _/ Zores (9) 47 (55)

a
The overall heat loss trom & seotion of the radigtor or the unit
width eguale to

8= 467 /G B)E oo Dt [k ) 7]

70 oompuro the individual radiator section effuctiveness with the
efieotiveness of a similar seotion Of the radiator system, let us express
an emiesion ocerricient by the relation Gy

Lot 7 (57)

- Declassified in Part - Sanitiz'ed Copy Approved for Release 2014/03/04 : CIA-RDP80-00247A003100320001-0




i IS NI e e e e et T R R R R ——— — ._—l_:-:m"
i Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 : CIA-RDP80-00247A003100320001-0

i

where '

Qoo VEOT L, (1+8,) ©e)

Avoording to'tomuu (50) gne obteins  g.§ o .
/. 2‘/1“ (.2)0’:2*0/9}“; (f)alz"';{?.am (9) &y (pra) : _ .
¢: YZ(1+%0) |

It rollows trom rormula (5va) and tne set 0X eguatvions (2va), (21a), {52a)
through (52) that tne emimssion coerticiem 1s & Tunotlon Ot the paramevers
/\/_ é’.' é‘; e. 5’ z At fw—oo the emission cderricienty 2 06 10X« '
mineg the erriciency of the single radiator seotion oonsidered in tne tirete /
seotion ot this paperxr (§ 1).

If the relations ?( : /o/,' 50‘ é’, 8_' E‘ L~ ) are known tns overall
. nsat loas 1rom the radiator seotion 1s-aetermined by

0:=I/5(1*§,)2L,67—;"

Tne solution tor the oase 0r tne triangulay neat rejecting tins nas
been dearived as an asymptotioal ons witn Zr o - dl) anu 5-’0' trom the
set 0r eguations (2o0a), (27a), (32a) through (‘{2) togetuer wivh the boun-
dary oonaitions (2us), (508). ‘Phe solution nas been varried ous numerj -
oally ror tne general case 0f the arbitrary cistauce between tne adjaceut
ratiators ox tne gystem ( é.:a -~ 0% ) 1n tne range® ot emisgivity values

E = 1.0+ 0.75 .

‘ILnes emission coefrricients arxe plotvwa in rig.il tnrougu 1. as a tunu-
tion ot the cimensionless nwat conduyiivity paremetsr 10r the various .

. values 0t the parameters 2, & &

Tne relatvionsnips ?(/V) ay é->/0prautioally agree wiin une similar rela=

vions tor tne indivicual raeaiator, vousiQurw@ in the rirst seuivlou.

(ooa)

Using tne relavionsnips given in tneé trigures 1l tnrougn 15 ana une
speuitied values o0t & ana é, one van riand the optimum triangular iins
geometry, provided tnagt the 1in baegse tempsratvure T, , tne overall neav loss
from one seution az. and tne prism %radius® &, are kn%v.v 2

When destermiuing tne opuimum geometry in the case 0IYtne rollowing cal-
oculavion, proueaure may be oriered. Se¢tting e numoer 01 Tue valuuvs o

P, - -g-?one tinds oorresponding A‘ valueg and ? values, aesuerminea
by tormula (‘bba)

Furthermore, using tne xelationships ot figures 1l tnroi_xgn lbx) we
determine the velued or vne dimensionless nvat conduoticlsy parameser AV,

From tormuia 128 determine tne values o1 vne angle o,

x) Twue relationsnips ?(Af) for tne interweaiave £, values uau be Ooteinea
by tn{grapnioa]c interpolaetion 01 tne vurves, pregented in riguresg 1l
tarougn 1Y. - . .
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j‘,‘ Pinally, the areg £, the lengtn l‘ anu vue 8ngle are plocled against .
I €., theretrom tne opuimum rim yeometry is determinsu. In Une uose ot S50
the opvioum tin geometry is caloulaved immediavely 10s & unumber 0i A valuws
witn ?(/V)oelng used (Fig$ll vhrougn 15). Tue resulss ol susn caluulations ot
the total opvimum triangular rin area sre preseuved in 1igure lo wnere ﬁ
end é—: are tne dimensiondess paraneters related wivn the paysival oyl cue
des by expressions (25). For oompazisoix the curves 01 tne monaimensiousad
mioimum area ox the triangular 1ins 10r Luv raclator sys.om withouu .uv
trausversal neat rejeoting rins are also snown in tuis 1igure in uotied lines
for ine values 0t tne parameuer & a0; 2.0 ana €4 0;0.875; 0.7 -

It is evident zrom tne comparison ot :E' ( 2-.5,’) ourves tnat av f u
the gystem 0r tne radiators witn the trausversal neat rejevring tins 1§ more
advantageour tnan tne Sysuem Wl toOUs suuu I1ns only wnen tne emissivity

i? E®0E5+09. tye result ootainea in tnis parvioulér vase 01 tne proolem

%, confirms B.Z.Groagovaky's 1dea: suat 18, the weignt OnNArs0terisvios or & .
“{ ugual panel raciator mey ve improved av tne eipeme 0f adaitional trgngversal
' , ring installed on tne tuve. Wown cue uimensionless disvanve é- ig,ilnoreasea an

&dvanvage 0r tne system witn tns vrausversal neat rejuuiiug tins ovur vue ohe
witnout guon 1ins becomes evident. Ia &aa1tuion, tne oharvs 01 Iigure lo
1llugsrave olearly tne dirierenoe petweun tne radiasor Bysuen and tne siugle
raaiator weignt onarsotverigtios.

Relatious vetwwen tne emissiou uoeriicient ?‘ awmd tne aimensiouless
neat vouduouiviey paramever N are snown fu 1igure L/ 1or various values of
tne paranevers 5, & anmd £:0 1or tn reaiator system witnout tne trausversal
he&t rejeoting tins with tne longitudinal triangular 1ins. [ne evmigsivity
Qoerivient ?‘ is aetermined by tvhe tormulg _

1 $-2
b0 [ Geres (954 [ Gpues (905 (59)
] o i
wnlon expreeses tne ratio of tne total amount Ot tne neas, radiavea by iLne
radiavor seutvion of umt wiavn (one side 01 tue 1in plus tne vooled prism
surtaoe) to the igeal amounv 01 tne neat radiatea by tne vlavk isosuermal ‘1in
SuUrrace winen the incident radiation 18 sbsens ( Gigap 24,8 To° )

§ 5. Iutluence o1 Loating Pnermal Resistanoe ou neat
{‘{_' : Radiavion Unarauterigeics 01 Si18r-Sulped #aulators

Consideration of the ooating tnermal registance etieut on soe radia-
sion errioieunoy is 0f great preosvival ianterest for both eveluation oz tne
ocoavings used and gelection Of the correction faotors wnion mugt be iutro.
duoed when vueorvildual 1uvestigation results sre used witnout seking 1gto
00ns1aeravion ine cuermal resiscance of coatvings.

ine proolem 0% sekiug 1nt0 acoouas sae doaving snermal resistance in
tne gimplest uase 0Of the pauvl rediavor wiwn rectangular fins (rig.l6a) wae
disoussed in the reference 6. In the pivseut paper tne provlen 0f evalugiion h

* O tae coating Shermal resistance intluwnce is digoussed in tne genezal oage.

-\
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1
. ©01 radiation with mutual irrauiaetion ox all the 00NS::UCWlC viements (ino
neat rejeoting triangular 1ins, tny vage suriavea) beiny vaken 1nx0 aocounts
(F1g.ltb); tnis enables more exeot SClYutiouw O the QOrreu’ 1guior values.
Tne radiator Suusme witn une nalu gEOMYsriuAL parameters is snown
’ ~ 1n the 1igure lo. ’
Ihe problem 80 luviou 18 veing Uvvelopeu 1u ne oue -« uimengional
statemont (thin fins) uncer the rollowing assumptions:
. &) the neat rejwutiug ring of the rudiavor nave an idenziuval yeomsory
b) tne tin materigl ana ocoating tnerxmopnysioal propern’es' are 1n00pol-
aent 01 a tempersture '
A = oconsvant, X,= oonsvant, &; = consvaus
0) vhe temperaturv o1 tne cooled prism is unifomm
To = oonstant, t, = vons.ans
) d) thue paranoLers 01 Ine surrounving éf‘“ml'o R 7;“ X
©) wne radlaving suriaves are xrey dirrusely rerlevting surraoces
1) tne vOAULiNng temperature KLaGlent 1n. VN6 Alrvselon O (ne 1in lengtn
88 0ompared 0 Tuaé 1n ne Ulrvu.uiou OX uldamal VO Wliv 21a SUr.EuE 19
, wglagiole small,.
Tny govermang «quatious used ia tne soiuvion 0x tne provlem are une

" 0nes Gesoriving law 0% ¥neYxy COnsSHcvaulon
:gl'daamm'dacond V (v0)
L .
dacond ’9:«4 [x)d‘f, (i)

whe re ' .
AQaceuns® the amount ot vae neat scoumulatved in tiu ciomens XV
(F28.460) due L6 new vomduusion
dacmdis tne amount 0r wnd ne&t Ylowing uarcurn ¢ne voacing

area AS

A.S 18 tne sirue 1808 0f tne element AV
q“‘(x)ds is vhe rvsulsant rediavion rrom tne siie 180@

By applying ¥curicrts Law, we van easoly tgausiion vquationa (60),
(ol) To tne rorm OL wiu® ¢Q 'at10ng wniou desoribe uiu cwdpurature prorile
aiony vue raaiasator 1in

F [Tt = Gues [tex)] (64)
ey EET _ AT _ Daes [E0x)] . .' , _
(4 x)dx, o Y 0 . (60a)

wne re
A;,A~1 are iav vieermal vOuQUULIVALY coex.dvleut 0% tne xin meverifd &nt
| tne u0ATlINg, TuSpuuslvily.
18 tne COBVluy THlURKNHYSS
t(X) is tne tvemperature o1 vue 056208 radiating surrace
T(x) 18 sne xin tempurature.
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L .
AS above, consider tirst the trapezoidal xins ot L lengtn (Fig.iva).
In tuis case the tollowing bonuary cvongivions 10z equation (v08) 8re Lakiug:

’

’ T‘To at 2xX:=0 (02)
AT ‘ .
- © at ?‘41 , : (03)

Acoozding to0 tne metnod of ¥ne resultant radlavion expression 10r ine
resultant raaiation 11ow Qe [f(x)/trom tne siae rave ASor voe slevment AV is
wrivten ag follows:

9m (‘”) /S(x)— z,x(x)'/’jy,‘(x) (o4)

waere

B):E,38 )+ (1-E)[H, o, ] (o3)

18 tne erreucive radimvion tlow leaving tne siae race@dSox tne eiement ¥
H {x), (x) @re tne toval neats 1lows rauiavea 1rom tne suriaces,
denoted” by vne Tizst levter or the index, v tne suriace ofS.
Wnsn deriving tne rormulaw tor A _.x(_z), y_.z(x)tne @sgunpvion is maae
thet tne rediating elemenc 0X uné fin surrgue 18 in its ocentral plane, ynen

(ner-’.')o (2ot ) 2et+X)Siny A
-—.z[x) 2 /5(2 [(2, »z)‘&(e,fx)e—é‘(zoﬁz)(e.*x)w.rd']""(“)
- ' xgco.s'? ga’?
Hyowss (%)= % / P N Ao 3T (o1)

In eguation (b7)
Bily)=&,6 L+ (1- c‘.)[//xoy“’)*” vy&] (o)

is tne tlow of tne oneuuve radiatio

a ioa 1rom the base sSuriace. Ha:-oy(”' z»y(y)
are tne total heat flows raoiazea 1rom un€ 1in surraces TO Tue bage surraves
0% wne prism; Xy Cas"g o'x

, Hxy(9) - Z/B( (x “ylr8xySin ):)a/a (09)

e
| 2y o8 oz
Hy oo (9)3 /8(2) 3 (10)
2eyt" 2 (2952 aty-9)5in E]7/F
Iv is conveniens so ‘rausrom une sev Ox .equations (o0a), (ola), (v4)

tarougn (/0) vogether witn tne boundary oonaivions (b2), (o3) 10%0 tne di-
monsionless Xorm by invroduocing thne mnuimensional variables
x-%il‘z:;f/""‘ t'n -
T- ; i 5= _é;_' . 2__ (11)
' A9 & reguls oz tno ttmnazormationsanc tne 1nteg‘tanon ozt oguat:.on (c0a)
vogetner witn the boundgry condizion (o)) the.ses of wne N;uat:ons will oe
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) 1)
writton in wne zollowing rorm: P,
[-%)4T 5 [H@)] A= 0 60b)
(L"x)a;;;é" *N (izes[(x (
X
-n - - - ib
Tl N Qoo [E()] (ede),
. ." . 418 T2
- Ay % . (12)
- é‘érc‘ :
N E T (13)
o q%&! [{Ci)]: é(‘i)-ﬁzﬁx(x-)-/'/y..x (x.) (04‘3)
B2z &2+ (1-E) R, F)+HA, ()] (658)
Yy, - :9 -
- P X ¢ cos fa/g .
-1 (o7a)
s iﬁ)?/ 49 g ez gsin B)
° - - - 2 -
Y} av. L lars 7(8:)*3)(?0*33)54‘/1 XO’Z ——(668)
Hoou®7 2 | 502 [(30t Bt (Bt ) OLEur BN (Egr 5 o0y ] ¥
o ) .
Bocdt | G f28,5in & (o
4 y] .

o - —0 - - > -
B,(y)'-'f,t.*(/fé.)[l/x,y(y)*/-{e*y(!/)]  (s8)

1 o 2 _
- - 4 [5.- Z G cos®K o/
. .4 ' ‘
ony(y) 20/6( )(x- e#f;é*e-f_'} Sin g )3/8 (693)
1 ' _ 5 _
- - = . 5o -g)cos® & old
Hz,y(ybé'-//s(n y f{y; 9{ 2 %f ) £ (708)
S g5 (Gi-5)5in B
fne oounaary oondition ror egiatioa (60b) 18

T:10 at X:=0 (62a)

the sev 0% eg.avions (60b), (61b), (64a) tnrough (708) in conjunction
witn the bounaary condivion {(b2a) determines ocompletely the solution ot
tne provlem.

Tne solution 01 tne writien gev of eguations was davelopud by anslogy
witn the golution or tne problems consideted im the provions seutions ox
tnis repors, irye emission coetiriocient wdg determined by the tormula
similar to formula (23). Trom the tormula (23) and the above 86t 0X Ine
equatvious it follows that for tny i1ins 0L triangular proiile 2 A8 & Auue-
ovion o1 sne parameters N, N, €., & ond § .
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Por tne vase of ithe four-iin sser-shapea rauiator wiuh the triangular
fing tne results o1 tne numesiocal solution developed in tne rauge or uvne
emissivisy & /0 = Q75 ana o1 the valuea ot parametver WN,=0+0,03
are gnown in figires 19 and 20. tue culssion voeriiuieut relavious 4(,v) &t
M:=0 vorrespoud %0 Tne v8se OI Ta¢ radlBtor witnout coating wuliun nes :
peen congiqurwa i Tne xirat 8ouLion O tidse papyr.
~ 1a tne process ot tne ocaloulation the dimeongionless tnermal oonyuGe
tion parameuer//'naa took on tne values or 0, 0.2%, 0,%, 1.0, 1. 5, 2.0,
2+%, 3.0, Tne relavions pfesenwea vleariy 1llustratve tue 1nnuenoe ox tne
tnermal regigstanoe 01 coatings on tne radiation eriivisncy.
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4.1, GRODZOVSEYY, Y.N.IvaNov %/, v.v.TOKAREV ¥/

LOW THRUST SPACE FLIGHT MECHANICS

-

x/ Dootor of Physios and Mathematlus; prof.Mosvow In-te of Physics
ana Teohnios; editor R.J.Meuvhauioca; pAcademia of Solences of the
USSR, Baltijskaya l4, Noscow, USSR.

xx/ Kandidat of physios and matnematioa. Nogcow In~te of Phyaios
and Teonnioa.
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Summazrxry

The results of moxe than two hundred investigationsare summarized in
thia paper whioh have laid the foundation of & new branch of mechaniés - low
thrust flight meohanios.

. It includes the oombined solution of the problems associated with
seleotion of optimum weight porameters, the optiamum propulsion asyatem cont-
rol parameters ahd determination of optimun trajectories for continuously
applied propulsive thrust for a oase when the welght of the propulsion system
is comparable to the launching weight of a vehiole. .

The combined solution of the three problems involved is ocaused by the
peouliaritiea'bf low thrust propulsion systems: their oontinuous work and
large weight.

The report includes the following sections:

Introduotion. The physical prinoiples of low thrust and general formu-
lations of optimization problem in space flight mechanios. .

Bart I. Spaoe flight meohanics by solar sail.

1. Besio relationships and formulation of the problem.

2. Interplanetary transfer.

3. Planetary egcape.

Part Il. Power-limited flight mechanics.

4. Optimum weight relationships and elementary movemente

5. Ideally controllable propulsion system - optimum weight
relationships and optimum power control.

6. Ideally controllasble propulsion - system optimum trajeo-
toriee‘and veotor gacoeleretion programs due to thrust.

7. Uncontrollable propulsion system - optimum weight relation-
ship, optimum trajectories and thrust veotor direction prog-
rams. '

8. Optimum constant and limited thrust ecceleration trajeoto-
ries,

9. Propulsion system controllability limitetions.

10. Time limitetions for a propulsion system.

1l. The number of regulator positions limitations.

12. Optimum combination of power~limited and limited exhauet vew
looity propulsion systems.

13, Reliability effect in the power-limited propulsion system
optimization probleam,

14. Correction effeot in the power~limited propulsion system optie
mization prodblem.

15, Additional weight components for a power-limited propulsion
sygtem. Propulsion systems similar to power-limited engineg.

Rart IIX. Iow thrust trajeotory determination methods,

16. Analytical solution of dynamiocs equationg.
. 17. Numerioal methods of trajootory detemmination.
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B noRnaZe NPHBOAGHO CHCTEMATAIAPOBARHOE HANOELTHO PE3YABTATOB gonee
AABYXCOT MCCNEROBAaHKMA, BANOXKBUKX OCHOBY HOBOTO pasficia MEXARUKA = MEXBHUKA
KOCMANECKOTO nonera ¢ waitoft rarofl.

lipenueTOM BTOTO pasiena ABAAETCA COBMECTHO® DENERRE npo6neN BaCOpa On-
THMANIBEHX BOCOBHX MAPBMETPOB, ONTHMAILHOTO yNPABNSHHA ABUTATENBHOR CHCTEMOR
R OMpeZeNeRUe ONTUMANBEHX TPaeKTOpHUil noxeTe C MPOROAXUTECABHO neficrByome#t ABE~
rarensHoll ycraHoBKOf#f, BeC KOTOPOM CO3MEpHM CO CTAPTOBHM BECOM annapaTa.
HeoGXOAMMOCTS COBMECTHOTO PACCMOTPEHAA STHX ?PEX COCTABHHX yacTeil mpolienu
0GYCZOBNER OTMMUMTENBHHUR OCOCEHHOCTAMM ABMTATENEH Manoft TAIK: IJIUTCIHHHM
BpeMeHeM DAGOTH W GOABLIMM BECOM ABHIaTE/bROH yJCTAHOBKA. Jloxnaz BRANYEET CHe~
Xynmue pasieiH?

Bpenenne, OuanmuecKue NPHALIMAH MEAOH TATH M OOm8A (POPMyAMpPOBKE NpoCne~
MM ONTHMM3AUAM B MEXaHAKS ROCMHYECCKOIO MOJNOTA, )

Yacrs I; Mexsnuxa KOCKMYECROI'O NOASTA C CONHEUHHM NAPYCOM.

¢ 1. OcropENe COOTHOMEHRHA ¥ POPMyAMPOBKE BBAAVH.

§ 2. lMlepener Mexny OpOMTEME NN8HOT.

§ 3. Buxoz M8 ChepH NPHUTARCHAA NIAHETH. -

Yaces I, Mexannra KOCMHYECROTO MOJeTa& C ABAIaTEIAMH OTpaHRYeHHO}]

NMOMHOCTH,

§ 4, OnrTmianbHHe BECOBNE COOTHOMGEUR AR MpocTelmix ABUXeBHH,

§ S. Hneansgo peryampyemas ABUraTelbHaf CHCTEMA = ONTHNMAJIBHHG BECO-
BHe COOTHONOHMA, ONTAMAJNLHOE JNPABNEHHS MOMHOCTHD.

§ 6. WAesnpRO peTyAMpyeMas ABAIATONLHAl CHCTEMA = ONTHMANBLHHO TPACK-
TOPKH H NPOrPaMMH INR BEKTODE YCKODGHHA OT TATH.

§ 7. Heperymupyeusa ABMIaTeNbH&A CHCTEMB — ONTHMANBHHE HOCOBHE
COOTHOmMGHUA onruuaﬂssue TPAGKTOPUH H nporpauuu HaNpPaBACHAA
BEKTOpa TAIH,

§ 8. OnTHMANBAHO TPASKTOPUE C NOCTOARMHEM K OrPARAYEHRHM YCKODEHMOM

OT TATK.
§ 9. OrpanndeHna Ha DEI'yIRPOBOUBYD X8DAKTEPHCTAKY KBHI'ATENBEOH cuCTeo-
MH, -

§ 10, Orpanuuenus Ha BpeMf PAGOTH ABKIATONBROR OUCTOMH,

§ II. OrpaBMueHHs H8 WYHCHO NONOXCHMHI perynsntopa. -

§ 12, OnrEMansHOE COYeTaHME ABHIATOABHHX CHCTEM OTPAHHYSEHON MONHOCTA

: ¥ OrpaRMYeHHON CKROPOCTH KCTOUCHKA, '

§ 13, Yuer HaZexrOCTA B B8AYAX ONTHMMSANMH JUIfi ABHTATOJNBIHX cucTeN
OrpaHEMYeHEO MOMHOCTH.

§ T4, Yuer KOppexuMs B 3aRaY8X ONTHMHSALKE A ABATATENBHEM CHCTEM

 OTPAHMYERAOH MOMHOCTH., ‘

§ 15, Yuer Koppexuuy B 387la48X ONTHUMBANAH JNA ABATATOJIBHHX CHCTEM
OI'PRHKYBHROK MOMHOCTH,. '

§ 16, MOMOMHUTENHLHH® BECOBHE KONNOHEHTH ABATATENR OTPARMYCHROH MOMHO~

. ctn, LBAraTenbHHE CHCTEMH, POACTBORHHE ABRIATOAD OrpaHMYSHHOM

MOMHOCTH

Yacts [, MeTOAH NOCTPOEHUA TPASKTOPUH C Manoit TATOH.

§ 17, ABainnTHVECKH® DEHERWA YPABHOHHA AUHAKMKH,.

§ 18. YucineHHHe METOAH MOCTPOCHHR TDPASKTOPKHA.
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This paper is devoted to tne summsrizoed representation of the
results of more than two hundred investigations, which bave lald the foun~
gation of a new branch of mechsnics ~ low thrust space flight mecbanics,
the subject of which is the combinined solution of the problems, acsociated
with selection of optimum vehicle weight parameters, of optimum propulsion
system control parameters and determination of optimum trajectories for
continuously applied propulsive thrust for the 6ase, when the propulsion
system weight is comparable with a vehicle launch weight,

Up to present theoretic investigations of the space flight mechanics
have been adwanced so much that one may npeak of certain results of the
work done, However material on this subject uas beenm published in the form
of bundreds of pupere, included in different scientific journals; the
present report, and a more detailed survey by the authors /24/, are attem~
pts to summarise the principal aspects of the space flight machenics.
Neturally, the autbors have not set a task before themselves to analyse

- thoroughiy ari hnown'works in this field, although %o give an extensive
bibliography was considered to be reasonable.The main emphasis in the paper
has been made on the problem of the space flight optimizatiom.

Neéw aspects of the flight mechanics are integrant of the advanced
space propulsion systems developument. 5o the established between the
XIX-th and Xx-th centuries idea of space flight jet propulsion application
has encouraged the development of the space flight mechanics (liesh'erskii,

Tsiolkowskii, Hamnder, Goddard, Hohmann and others) the science,studying
motion of space vehicles as mass - varioble bod*es to determine the maxi-
mum payload conditions. Jm the first stage of tiue space flight mechanics
development the most detailed investigation has been made on the motion

of the thermochemically propelled rocket, for which the low specific weight
of the propulsion system(the ratio of the propulsion system weight to the
maximum developed thrust of the order of tlie units of percent§)(see the
below table 1) 1s characteristic,

For such rockets the neglect of the propulsion system weight has been
allowable ae a first approximation. and the problem of the flight opti-
nization has been reduoced to seeking for the ocoriltion of the lowest propel -
lant expenditure to accomplish a prescribed space maneuvers. A reasonabdle
choice of the rocket staging, e.g. the acconnt for the consequently
rejected tanks, the weight of which is propo¥tional to the fuel reserve,
has not principally changed the cited formulation., On the base of Tsiol-
kovskii's formula the condition is reduced to minimization of the simple
kinematic paremeter, called characteristic veloéity, which demands consi-
deration of the flight dynamics only: determination of the optimal space
trajectories with an indication therein of tué optimal phases with respect
to application and orientation of tune thrust vector. These provlems have
been represented in detail in the famous pasic papers and moaograpns on
rocketdynamics.

The development of advanced space propulsion systems, for example,
.soler sail, electric jet vngines (see below table I) distinguished by their
bigh weight ratio and by great possibilities the exhaust velocity mass
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3
consumption control and others argse new problems of flight mechanica,
The prospect of using such propulsion systems is determined by low mass
consumption pexr unit thrust of electric Jjét and thermenuclear engines
{vecause of high jet velocity) or by the absence of mass oonsumption for 3
the solar sail. Jwn this connection a new branch of flight mechanics have f
been developed - the space flight mechanics, studylng the combination of the
optimal relation between the weight componeants of a rocket, including the
weight of the propulsion system main elements, optimal control and regu- ' &
lation of the propulsion system, and optimal space flight trajectories.
The cited basic problem formulation of the space flight mechanics is integ=- o
rant with the space propulsion system characteristics, Some space propul=- 3
sion system characteristics are given in the table'l ( ref.94).

To the exclusion of the thermochemicsl propulsion systems the remai-
ning ones are cheracterized by a high weight ratio. That is why the need
for the combined considerstion of the three cited aspects of the problem
is due to the distinguilshed features of the related propulsion systems: the
long time 6T their operation and their large weight,

It should be noted that the low thrust of a number of the discussed _,
in literature propulsion systems (which are origins of the particular in-
vestigation advance) is‘ not an outstanding feature of their physical prin-

_ oiples, but only provides the assesment of the current possible parameters.

¢ That is why the current popular term "low thrust" is highly relative,

‘ The discussed investigations cover a wide range of the flight condi-
tions, for w‘nich besides of the optimal flight dynamics the selection of
the optimal weight ‘parameters is essential, The principal weight parampeters
considered are: the payload weight G (t), the propellant weight G, (t);
the power source. weight Gy %), accelerator woight G (t) and otuers.
Then the total weight will be

@ (t) = Gn+Cm(t)s Gu(t)+Gp(t)* - - - - )

Relations between the weight parameters and propulsion system charac-
teristics and the equation of motion form the complete set of equations,
describi.ng the vehicle behaviour:

~~y;{7 2) " Nop(V); Gm—d//")/%f f“ Y{ s )Pror s Peg ¥
7.4 ( f’) (2)
where gq 18vRaas consumption, V. 1s an('exhaust velocn.ty,? is power- to
thrust conversion efficiency.a( is a power source specific weight, T is
the radions-vector, B 1is the vector of the acceleration due to gravitatioe
nal forces, 1" 1s a unit vector of the thrust.

To Zander P.A. /85/ (1964) belongs the first serious investigation of
the problem of flight with propulsion systems, the weight§of which are comp&
rable with a launch vehicle weight., By Zander has bee1u investigated in de-
tail the solar sail flight (£ig.l). These investigations were extesnded in
current papers only asfter 1958,

] The solar seil vehicle thrustis produced by radiation pressure from
the sun, which 1s P_ = 0,94 * 107°-K&— gt Barthts orbit R o+ The magnitude
P and direction ( T, n, ") depend on the sail setting (L , 3‘) (see £ig.2)
and reflectance
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In the papers, congerning the solar sail the idealized case E =1 1is
considered: .

‘ forg = 1 P A R) 5(/7 6’)/’7 (4)

Then for,§ = const. the weight ingredient of the problem is essentially
eliminated and the motion is characterized by the single constant control
parameter Q. ( dimendsion 4s acceleration)y§ so the only <control function
is the sail setting sngle,

7,. %_.‘)fm =0, @v'ﬂ C‘:‘éf/ =6y~ Cn /fJJ’ for S = const.
= ( (n 6 R, Q, = gm S = (5)
" , ALY _f’é‘/\

*L- -@%‘i’ R n/// 7 (2 Z<Alt)E = 3

foxfpdlg/cm . ~2,b e 10 cm, ~ 0,4 cm/sec2

In a general case (7T T, t)tl there will be no separation of the pro-
blem into weight and traaectory domainsa Solar - sail ~ powered interpla-
netexy flight 4in a central gravitational field of the sun in the cited for-
mulation is studied  1n references : (3} 133, [134, [i63, /229, [226),

[1u4), f207) [188), /89, [28] and others and the equstions of planar motion are
analysed (see f£ig.3) y
O e)- casi R=-9o z=
%‘E”r_}; By Cog A f)/?i) yg(g 8_ p; zé*d c‘w’/m/’/f/ (6)
at ¥V = O the solution is the conical sectlons

Yy rrconi?; (% ry/‘/yo d,)z/z =co/7.r?‘

7 (0)-0: B (o) Yoo (2
at V== oconst,the sé\?io\?’ 13 thzg fgaryithmic spiral
[2) ¢ .
7 nexXplYG V) Foay }/Z :c%ﬂ'.- Ll > Fecon? (&)

However these part'icular solutions do not safisfy the boundary conditions;
for example, in the circular initial and terminal orbits

opt ¥ (8)s t=0: 2°2; 25,=0, 252932, ¢=T: 272

/) 2 7t . €9
%-0,2/-/3,;5-- \

Exact solutions of the variational problem (Tm:!.n at a given value of

a,) are obtained numericaelly /144/, /28/. They are compared with the
results of the above cited particular solutions at a prescribed terminsl
ordbital velooity 2} = 70/ and at the optimsl value of the terminal velocity
in the orbit V e,,z‘ (the problem of misdistance), Comparison shows the great
effect of the bpundary conditions on the transfer time and-on the velocity,
The problem of the solar-sail vehicle escepe from the planetary gravity ;
field has been studied: (1) in an ecliptical plane, when the speed of the A
sail retation is hal} as high as the rotational speed of the vehicle about -
the plenec, /202¢ (see £ig 6 and-the equation of motion) ‘ ,z':

E-z9% 4, (L)’L-a.,( 2 )* Jsin (S W/&ny
yzig-a( &) [t “

and (2) 4n the orbit, perpendicular to the ecliptic plane, when the sail

' ._Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 : CIA-RDP80-00247A003100320001-0




gsetting 16 lecally optimal wilh reapect to the maximum rate 0% power
1.:,12feament; /1.28/ (iig o) o((d P &211._ ier 23
K500 (g )ca.s'o/ ‘Cos /g(;(jzxz (11)
CosoL i rrax (1 17') “
The saoond case (see une doffed line in tig.8) garantees & lettle ghorter
time to egoape from the gravitational field, newever, in both cages tue
nongptimal programs ot the aeail sewsving nave bwen studied..

From the table II /3y/, /3027 it tollows tnat tne time to escapé rrom
the planetary gravitational rield is & consicersble part ox the iuverpla-

netary tlignt time,In solar sail flight mechanics as a whole only partial
oconditions of the optimal transfers are 1nvest1gated

The other type ox tnhe propulsion system, tne weight ot wnicn is vom-
paravle witn a launch weignt, is & power - limited eleotrioal jet propule
sion system. The prinmoipal sonemes 0t sucn propulsion sysiems are pregeuv-
ed in tig.9 taKen rrom Preston - Tnomas' work /L90/ (1952). The systems
oonsist 0t tne power souroe No ana tne agcelerator, converting tne sourxce
energy ionto kinetiec energy or tine jet rlow at the velooity L’ ana vne
toarust

P’?V I?V /V chx)(‘/‘/c?(vj 6‘7\/ G, Gm > Gz . (12)

The premary energy sourve oan be the Suu or tue nuolear system (1ig 9).
In the range of )/ = 10-100 km/sec for nuclear systems tne propelant vonsum=-
ption G 1s unesseatial-/204/

M 3 2 L .
/ 2 2 4 cek /0 /ﬂ /0
;3‘5». V=2c éf'; 24100 £ -2 -4 -¢ (13)
G, 10 107 10
That is why tne weight prinoipal componeats are le Gp aue G . Tue sourve
Gy of limited power N, eevermines tne main properties aud tue name ‘ot tnie
kina ot tne prOpu131on syatems,
fne specifioc element of the power sourve is & radiator torxr ine radia-
vioa heat outpuv in a thermoeusrxvtic cycule, The fuvestigatioas in [I()j,
119]0 ﬂQ]n £227, ﬁ‘}]o [62.70 /§’_/, [id)/, [ogfv J22¢/, [E’Q/— and others
nave snowa tne optimal geometry or tne neat radiating. elemeuts, wnion
pmvide Tue minimum weignt at the prescrioved ivgt 1low Qo 8wd the tempera-
ture T,; the examples ox the optimal snapiuyg 0t tue uvat radiating tins sre
snown in rig (10), (16), (19). Notw thet.the weight of the optimal revai ra-
¢iatiuyg elemesuts 1s proportiopal t04~r-qjg— JTogether with the determination
of the power unit weight,the total ° weight of tne power source, which
aepends on the value of the maximbl power Gy = A (V,) #, 18 gecerminea
(sse {1g.11) /107/, ’

Tne oharaoteristios or eleotriual acoeleration, tramsrorming tue sour-
ee energy into the kinegio ocneryy of the orientea jet flow, are coasiuvivu
1o devail in & numver of works /427, [a97, [i5/, (2147, /2207, ema otvners.
In the 4&ro accelerators (fig.l2) tnurmal energy of tne propelliant neaving
up to the temperatire I, is used. fue exhaust velooity oontrol may be
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aocopplishea by tne input power N anu by the conpumption q :

| N ‘
V = Adc VE5 AT -4 ?‘ (14)
Aocolerator orrioiennyé? depends esgentially ou une exnaust velooity
(fige1l3); tne exnaust velooity is bounded by the tnermal regimes.

Aocordingly, ror electrostatio (1om) acoaelerators (Bove tig.l4) tne
ortioionay? depends essgutially onv; and increase witn thae exhaust velow

oity
X U~
?"V*U U~y
Here again the magnitude 0x tne exnaust volooityPGno 01 wne thrust P can be
oontrolled by varying the electrioal parameters.- o

In general the aocelerators permit the power tO be oonveried 1nto
thrust with tne efrioienoy, dependunt ou tne exnaust velooity in some velo-
oity range. The mentioned power gouroe and accelurator propervies detemine
the propulsion system oharacteristics,needaed tor tne rlignt mecnaniocs aing-
lysis, and the thrust convrol capabiiities and weignt consumption IOX tnrust
realization.

Betweeu tne prinoipal parameters or tne power - limitea propulsion
system there are two simple relatlionships: , p,' A N p-_-?V'

N = £ 4V Moo < o () (v) (15)

therefore tne independent parameters are those two, 1or wnioh 1t 18 reasoe

nagble to take the explio:hy constlosed oned, Below tor thne t.re@ variants
, /

thére given tull set or equations.

VS Vipax, (W.V): P= 22 9= 24
§= gmas, (”»7/" p:W;J 2 -
0s9,s v, PV & cu P:a}- p 7* W:

G (&)= 6ut by +Grm6y ; g~=¢/M}M/f/; Gp =X//’mg)/’"'% (lo)

Y
Ga=-g 33 T ETL TR

G s - , . » —}7@-[{) — ‘
= gy g

o algg/{) . &[t—/’- —

S Ty Z=alrR

1 (), H(E), 0g(t), Gp(t) and @ (t)or V(t) or q (v).

The variational proolem requires the determinustion or the optimal”
coatrel ot the funotions, presented in tne lsst line of (16), ana turni-
shing tne maximum payload G, nax 8¢ 8 speoified maueuver ana at e speoiried
meneuver time T. Hexv in contrast to the classiual astroayonamio proolems
a woight problem with respeot all ocompononts must be optimally solved . in ¢
oombination with the dynamio prodlem .

The weignt compouent role may be illustrated by & number 0t tfe
simulation prodlems (157, /187, A7, [A147, [T547, (1757, /1901957,

(2147, (207, amd otners. ne obvious provlem is tnat 0f optimal motion with

Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 : CIA-RDP80-00247A003100320001-0




. Declassified in Part - Sanitized Copy Approved for Release 2014/03/04 : CIA-RDP80-00247A003100320001-0

ey

R agge 10w e v e 3o s -

7

vonstveav tnrust P in & specitiea inverval o1 time T /1l/5/:

N=censl . Gp =AN=cons? ; Gp=0: Plt)=cons

PT C/)-& /['m*g#/ 5 P/.szq':éV)
' (L)
o Gy~e Vipt =YL . 6= Gy PYEIT

~

»
for wuicn wne maximum G is reacnsa av G = GN (see the ourve".a in 1rig.l5).
#itn tnis proolem os an example it is fnown /1g/ tnat at the.related level

0t the purameters ;LZ e _/ 2en 2&?7%“ tne inrluence or tne relativis—
tio vorreovions 1is nueasential Y / } )

Uy = G- P V/ % VL ;—:%4 -

7

v = ‘/ Ky }7 2L B

opt 72(2—,—-1‘ 7% ) /-—Aéz,

ror T, sy, pcherl’ - (18)

~ * Tyl 4 e /ﬂ ' '

The examples oX the optimal weignt rolationships (‘1" - p = const, max

velooity insrement AV 2" - F = const, travel along the distance L &t

min T; 4 ~ accelerstion & = consv, L at min £, 5 - & = conss, max AV )
snow the essential intluence ot tne proolem type on tne solution.A

fue vailues ot max AVana @in L Tor une meniiousd simulavion proolem are
given 1n fig.lo. Analysis of tne proolems, irom whiovh powexr-limited movion
investigarion stvarved, has snown olie leature of the consicerea optimizaciou—
the uewva for selsotlion o1 tne opuimal relation petween tne weignis 01 ne
power sourve and tne propellanc, ‘fuv rurther progess of the
simulation provlem is tne investigetion of the opiimal xl.igni with an 1deale

ly oontrolled propulsion system /1397 /14Q7, (L5/ anu otners. when there is
no restriotionsg:

0< Perv; 0% g < oo 0<V<e\:-/»’/é/-</b/nm.r=/yo?; o= cong
620 6y(t)= G, &/f/ 77

; a’f
n_ Gnl 4
G & GO ot [

rpu G”_._o(,‘{,ﬂ:;o/).ﬂ?; &, * T % ~=Gn P = 44-‘7
Gy (1-VE) Gropt =TE =P

the maximum payloau ('n nax is regoned as the tunctional 18 minimal,
Separation ot the total provlem into a welght ana a trajeotory ingrecients
is essentvial, and justifies the idealization. The mentionea separation rew
talns wicn vhne aisoussed avove (see rig.ll) monlinear relationship obpetwesn
the source weiynt am tne maximum power 21/, /24/:

as ?Nuo((M/M ' ’/’{"f’ OK—G{-U fj",‘%*f—:q /(20)
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For power approxiratviond (N, ):

s ops AR G MM‘/*?’~F/7"*W) 95,2///)6] 't

21)

For tne tuermojet propulsion syetems,due to their low specirio wele-
ght,‘ tne provlem ox tue optimal staging is in prinoipal the proviem or thw
optimal tank rvjeotion. For the powvr-limitved propulsion gysvems, aue to
nignh power source, relative welgnt, tnv proolem Or tuu Opcimal staging arises
in a new tormulation, namely the onhoice oY tne Opuimal power souree weiént
decrease, accompaniva 0y proporiiounal maximum POWETr Uuecrease. As is shown
in our work (197 tor tne general case am laver in [/1bo/ 1or tne particular
case a= oonst, &t & multistaging power-source slements rejoeciion tor vune
iaealiged ;yctem the weignt ana trajeoatory proolem ingredients are separa-~

cea: of Cw(t/ <0; Nolt)= .__/- N )= M ()

ot 5 ,
G'-Iu.,=6m +8 Gy P = 25 j'wa‘&{z‘ o,ot' ._,:Z:.,-.-. 1{:;?7 (22)
2 n
hm-/["@) ‘Z‘;("”‘“‘ ‘?: Z; ?L,

J.m limived case is tnav o1 Tue iuriuive number of olemean /29/:

opt. 5,v/t;/ /7‘7/ /2Nt z0
Sy

Cn== 05 Gras =7 Feals
TMI.IQ) n/ {?. V) (Z‘) —'}

205 6(0)=6u* butbp=ts =T Gm, (23)
epf é%vﬁ0/= '{f&;;;g' mes q5 %{?

G:,/f/-_caul‘ b,oa["ﬁ > 025

Data in ng 18 snow, that with optimal power~source weight decrease the
payloaa G 8ligntly increase§at hign valussd.

It n part Yoz the weight of the rejeoted power-gorxrce elvmenss ia useq,
acc0ding to Zander's ideas, as a prOpu.L.f.aat /79/

4,90y L o) o<l Goe -G Gureg s 27

ot
(24)

V-%#‘ & N *J’f//) e |
}:: %Z’; opf Xﬂ}-‘-‘ Xmax

then tne payloaa oan be auxnoiently 1n0reased (sve 1ig.l9), And in this
O6se trajectory and weignt inkreaienss or tne proolen are separawn, wolovh
is %ne main propursy ot ne ideally oontrolied limis tnrust propulsion
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cystem. o E
'he solution or tne 'araaecr’pry ingreaient of tnese provlems must give :

tne minimum of the funotional f a‘dl‘ along tne trajeotory. suean

& 4

en @ptimal control has bwen 1nvesuigatea in 115/, 11.99/, [40], f_/, 4_1]

ana otners. The oplimal trajectorius ana the laws for tne acvelsration-due-
~to-thrusc veotor for a planar motion in the 1ield or the two gravitational
osuvers are devermined by wne solution 0t tne followiug sot of tno dixreren- [

tial equations /L5/ (see 1ig.20). £0)-2, Zl@)— fﬂjfa:ﬂ/t‘ !

W —

Gt EH), Zr¢): z‘-miz'/z & (gm. s 5 vr)-Ee
: ‘ Zwaf) Z(‘Zy(_‘/ [a).z "/e/‘} t-/Z kﬂ7=)//qf‘/
@)
: L g gy s S F .V
€L fip oy ¥ R "‘"”’” Mz’”%v ¥ e

v gt - sy

S 'W ) 41 ;
' .U: T(dd ) U)}l/ ))03 0T () )

.}c “1-') Zf__[(a(d )/ (') ;)N Z‘/]/?(‘ ))(‘} «)f

; ). 37y M ) 2 7)%94Y
(.) Z{é/() l)+dzw/‘23m427'/a:7’/ k Z’;;’(‘Z {‘Z&;:: (uf(l)

3

o(‘/ (e, (‘} o ("/ {") * §) ((-/
S A ) R [ty e i
In a oentrel riela ( 1 = 1) The systvem 13 tmnpliriea 1397, [Tag7 . B
"z/; “)p zr % v Zf &5 Z{ at-f ____ y- &{2) E\
A=0: Yoo F-5 Gea- = z:i

ar it | Hapa)an(FE- £) 4y %
Ay« % (ay2%-2a,2% )))

Tna parame terxrs Y am 8rs the invegrals ox vne 8€%; vhey pay tne role

02 tne oconstants 01 ne lsoperimetvricicy witn respeot w0 the angular motion i
(at V-o. A:f- opt) aua the time or travel (atﬂ =0, © -o0ps). e zero J
rauiel velooity po+, nc%s 0 1s singular of the noue type [I;] wnion is %o

be acoountea rorx quring wne computation of tne transtexr ovetween ine oiroular
orbits.

Lo fatala, /2 z,/,? V2

The rolated set o0r tne

(20)

(21)

équaivions is invariant to tnw transformation,

tlignt may be xeplaced i
QOnneotwd with oulsiplying 4
introauced in sucn g W8y that tne F

by the return flight) and to une trensiormavion,
oyf ¢+ Which permits tne variavles to pe
gravitationsl oconstent K = i3
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g =0 j?~, ~~f’; 2;**"u2; ; Qp—>—dy

rtly; =l e s a2
-# -54) S - S R L)

R—eER VLT F g E g KL

For tne onarxaoveristiu pnmses 0 tne space rlagnt «%0 basiou proovlume are

Tormulavea: (1) Oxrbital transter (with the speciziea waiting vime 'Zz-m. tniu
‘tne influsnce aphere of ftue destination planat 2) egoape 1rom tne gravivga-
tioual riela (by inoreasing the energy to szero, £ =0) © 2Ze(T)- Z;,

20)=2, - H0):0: 2 (0)- 24, : 2(0)~25~2(1)-7; HT)-: L ()2

L p+/0: Te= le‘i’)ﬁig-)*z—-”g- Z}_._ T+ T Z;
- y T2

S+ v 74T

2. r(o)r s Ho)-0; 2h(0)=28, ; 25(0)=25, (2
E/Tjsg[yz‘, /f‘]~ $£=0 :
’ * 4 . 4 _ y .
§r=¢. 1)V )22 s ARy o 2) Y=0. ;J;f" ;;:“ y

@ _a JL.+62 e 211;57
Q;-Ray 73 23, & "% 2, .
Tne optimal vondidions for the oited problems are given in tne last liue 01

wae equavions (29/. Fo¥ tne optimal trauster vetwesn the oiroular oroits
AN AN

Z AR - =77

2 %ar Y B T9 s e ))=ﬂ--—d,:4,

In 8 torceiess 1ield the set or tne vquations ie intvegraved in wne

tinal torm /157, (1597, ([T4Q), (557, (3/:
tor k = 0 M ;:’:&*; ﬁgtﬁ; ﬁh./t‘/a,ot‘=£tf *4 / ()l)
~— 5>, 3 -, 2, 5>
Fle)F Lt 4645 L ¢4

In vhis oese in the simulation provlem of the speoifiud velocity inuremenc

(’0),

82 toxr the time Yé W@,, tne optimal oontrol oorresponas
to the law @ = consc

G £ ¢ 2% | '
iz, 7y = Orx . L, o= B 2

In the problem of the optimal travel between two rest pointy the
linear variation a (t) is optimal:

L’ ]' : ﬂ/f/o,n‘ = /K.'d/f'%ﬂf%')» Jmin = /2-;;

C (23)

-
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<
at (a) = vonst J =16 =5 |

that gives the tunotvional oy 1/3 lower unau as/a/= vonst. (£1g.21).
Tue et 0f the equations is intugraeved 1lu the final form also in vue

-oase 0f the satellite motiou arounu tne spneré surfaoe wuder the iuflusuyue

of the lataral varusv /717, /86/; Wnou the orvit plene turning 1s vausded by
low lateral forces, the optimal cOntrol vorresponds vo sinufoidal vasiation
s (t): o
tor ra 1 and a"«/ 94»9:&8
wnich gives the funotional by lY per cenv lower than at/a/= oonst,(fig.22)
Because of the oomplexity of the basiu set 0f the equations in a nume
ber ot works the approximate solution $0 the variatiousl provlem is consider-
ed., In tne® proolem of the esoape from the gravivational fiela alony the
gently sloping spiral with low lateral jetv acoeleration, in which tne uvon-
daition or gravitational and centritugal acosleration balanoce is varried ext,
tnere snown the optimality of the motion witn the vonstant vangential acoew

£ . .
leration /15/, /125/, /121/, [a/ : %~ -;‘1 r=; 6= Z;‘-—‘ﬂy- ...._.yzz"/-!-

Vo B U ey et ot lszf

a." .
3 5. . A - 2 (%)
yz:‘-’z Ta’ ;r‘2'~:£a;:j y? a&'/ Qr a.’f
Sz fault = fajdlt (a,<<8)
0pt a_,::co

In £ig.2) zﬁho the examples of such movions are shown, and in 1ig.24 there‘
8hOWn the required valuss of the funotional for the eartn gravitatioual
field. _ .

For the approximate Bsolution of tne optimal oroital trausfer problem
the teuhnnique, based on tne appiicatiou of the propoewa by Busev T.M.
*transporting® coordicate system , ig effeative, where as a basio trajevtory
tne Kepler's one is usea x° (t), j/in) 73/ /5/ -
LW, S8 x-x*TYy%y; x5
K=ns ¥y E 2021 4370, 8y=0: Gav0
X(0)= W)= Z(0)= ¥ (7)< §(7)- E(T)=2
‘X(0)= Xo-x".. .

x(r)s i, -4
The examples of the applioation teohnique of tne optimal Parth - MNars trans-
Ter are gnown in rig.25.

Tne vxaot optimal trajectories aml the laws of Jet acueleration vont.
rol are found by tne numeriosl inteygration ox tne above snown set of tne
equations, In the provlem or éscape from the gravitational tield at relavi-
vely nigh jetv amccelerations /2047 the veriation of s,and a8, 18 of ogoilla- .
tlog oharaoter (11g.20). Dimensionleas varigbles permit to ebtain tne wui-
versal relationsnip between wne funotional and the time of esoaping from sne
flela /547 (11g.27).

Aovordingly,thy oomputation of tae optinal trajeotories and lawa
& (%) for orbital trangters ie Made; & number 0x wxamples

(30)

tor sne vpiuimal

’

p—p———

=y

B A g ) B2k s oy o

>
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Tnree-uimensional ™0 - aimengiongl -~
mosion - ellipsioal motion - viroular
: orbits orbits
.3 ~M 1) = 1840 . J 1 =6 ,58 12,91
M -3 17,= 32 J 2= 24,99 - 19,02

Eartn-dars trausier petwsen the ciroular vo-planer orpivs /34/ are given
iu tig.28. ‘Ine ramily 0z the curves of the optimal values 01 Tne tunutio-
nals { with respsut to two paramevers: the angular movexnens and tn9 Time
or transter T - permits vo determins all tne parumeters ol tne optimal
vransrer (¥1g.29). .

The relationship between vne runotional, the ailierent dates ol cue
launoh ana whe riignt vime T 18 presentea in iiyg.>0 wita an acuduuc Lor
the elRiptiocity ot tne co-planar Eartii's and Lars' orxbivs., Tne interception
points 0f tne two families ot curves the points of nonunigue-ness or the
s0 lution to the boundery value problem, in wnhioh tne transter vime T, taoe
initial and rinal coordinaive valuws and the veloolves aug tne 1unvilionul
valueg ocoincide, « 8re oI 1nteres£ (gee tne vxampie 1u 11x.5L1).

In tne provlem ox wne orbital transter with revurn enda viin 4 sheeiried
time T o1 tne tlignt about thne cestinasion siuneé the optimal woluilious
Toxr boih torwerd .ana return rliguv trajevvories are (es 1v was iuuioaved
above) the equaliiias ol tne paramecorev anaAalong 1RO bOTN Lra)eccOries.,
nls condition is sazisfied by sy.arevrical vraasrers, nowever, tne examples
0% asymmetrical transier 0:c¢inslity nuve vesn provea (see¢, I0r evxemple
rige.s2 zibu]: Tne intluence ¢f tne Z = oompOusu. Vi wue BAarth-{ars -karin
vrauster (log? (3118.33) on tne tosal tunovional appe&red to pe genuls, '
altnougn along the flignt stages tne runovional is essentially dirterent

3 -u3

Ty = 5440 , Tg = 480 Jy = Jo = 3,07 3193

By the oertain optimal lawe o1 une Jet ucoeleration a (t) vonurol
along the trajeetory there can be ae\ermineu also tne remaining parameters:
tne tnrust oontrol P (t), vonsumption consrol Q(t) exneusy velouity conte
rol P (t), tne veniols weignt variation G(+) along the trajecvory:

pt alt)~» M F 9 uV; Nr%;%:@_?’ .
E 1), P 55 [a't

Ple)6() 42, g [e)- GYeJalt)yn

VIt)-2Mpforepalt): CLE)=6:/(7 ©L2

Tne example sunown in fig.34 for tne Bartn - Kars - Earth mission
/T6y/ suggesta tnat consiaersble exnaust velooity vontml is nevessary ior
the optimal program. ' )

ds @ whole tvhne ocongiueration oi wvne iueally - uonsrolled propulsicau
sysvem permited to astermine the upper vounaary or tus perdiusat olage
propulsion system possibilities. 70 evaluate tno moximum Leserioravion oi

(o8)
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the oharaoterietios, vausuva oy tne restriciions on the regulatioun, &notner
14mit csse is oonsicerea - the powsr timlted unregutated propulsioun sys-
tem: The sysvem wita constant thrust, conswsption, exnaust velooity, bus
witn the pessidility of thrust out-off [597 and others,
Puconst, g=9y s V=V, (N=coust); Gy cboeim
ég“'?,.g; =7 P wd TR

Gu+6w ' | &= (29)

=0
$tt) F(t)~> 60061 Flo)-F,. Pw)- 7 -

-7, F(1)-5F
tor max G, (1)

For the particular variational provlem soluvion it is necassary uo
tormulate suun ooavrols J(t) and Z’(t) and oho?so Buus values 01 tne cohe
atant pgrameters 6, ana q, wnion_proviae au max® The weignt amd trajeuto=
ry ingradients of the problem are notv separated,

The provlem is eg¥entially simplified £O0r the nOMOxenouUs Kravitatio-
nal field, for wnioh the solution ror tne optimal thrust_direcvion is fello-
wing [30f, /33F, at ;('r', t) = oonst, ops’ 1(%t) = &-4¢ -

" VR GH

- L 2t
4 17 7 (40)

For the motion between the two ‘rest points the optimal solution depends on
the functional ?iszé 1%‘3'— (see rig,35). TLe optimality oz one coasting
aré at tne trajectory center of tne auration 1/3 T 4is shown.

The regults of the numeriocal soluvion to the problem oxr the optimal
orbital transrer Earth-¥ars with P = oonst. @65} are preseated in fig.36.
The comparison 0: the tunotional value tor tne rogimes Pong = Var,

P = oonstv witn power on and off [fbt_:!? is illtatrated in f1g.37.

The 1utroauction OX wne aireov restriotioas on the propulsion system
yeLamoterd (ind® parvaocular oase ig P = const,) makes the solution to the
optimigation proolem muoh more eoupilex, sinwe in tnis case tne tx:a,jeotory
80d welgut lugradients of tne problemQl¢ not separated. yue mentioned dirfi-
cultvies do nosw oxist, 1f tne restrictions are imposed on the aococeleratioa a
gue v0 tnrust; nowever tnese conditions account for the restriotions, impo-
8ed on the propulsion gystem pasamevers (oonsumpiion and jey velooi'ty ), only
in inaireut menner. The solution or the woight ingredient of the proolem
/19/ (see above) eniirely extended to tne case o tns limited acueleration;
the trxajedtory optimigavion prool,o_m oonsists s previously of providing the
"lolmum of the funotioual )= j a'dzt

. o

L]

1o sne case of-oconasvent-a(v) o Qo thy provlem of minimum 1g
-quivalent t0 thnet of minimum ? at specizied value 03X , the latior 10re
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mulation is used for tne problem solution in & oenvral rield /51/s /987

[1267 (11g.38).

; . = .
af)=a,=cons? ; SO, T E¥A Y S= Lear
W." a.ﬁ'/’/(}hb')- Z’(‘-‘ Sen Y (41)

2 F 3

g'/c % caf(y-p%)+_/1—5//WJ}V/z 2

s . o~ . (( R
Por near-orbivs transter /126/: at 2,=1: % 7

“ox Sen(Eete) .
Pt CH V= Grtit)ols -

(42)

‘fhe comparisop between tne approximate (aotted line) ama exact (continuous
line) progtan':ma (%) zor tne example ot Earth&ars mission at
Q - 0,1 om/geo, (T = l8b , 24 nouls) 1s givea in rig.39. Here tns value

- 16,1 mz'éseo’, instead ox the value 0,6 mzﬂseo’ is representative &000r-

daing %o tne optimal solutioa.
; owez off' . .
Tne posai.bilny of the power off . -rf?:.-: ot i .7/_7) |

f}=a. 7‘62:6"' ZRT et {’ car e -
Z%‘kﬂ ) 81t o), )2, T)=20 ET)5 )Y

at R=0: 4,7 Sorir ‘/éf%—a “(43)

(fi,,f ’/,?g.‘é;: %.M;f"fé'}“;) |

improves confiderably the trunotional of tne problem in tnis oade. FOXr the
motion beétwoen the rest poiats fn 15,9 /3/(863 the doctved line in 1ig.21
ana compare witn (33 )) and & 00a3ting arc takes 1/3 or the total tvime; tor
the problem ot the orbit plaus turning (see tne dovted line in 11g.22) tne
depar.ure trom the opvimal tunotionalo 8 per cent and tne coasting are cover
the arc + 2},2° [537. The comparison for the axample or tne Eartu-iiars mis-
sion is gidbn in rig.40 /168/. Bue problem of tne approximevion o1 vne
complex optimal law of limitec-power propulsion eystem oOutrol by 8 simpie
stepwise law is investigated in detail ia /33/.

The ldeally regulated ang unzeéulatsa prdpul.aion systems, considerea
above, repressat the upper ant lower oriteria 01 the powvr - limited regu-
laves propulsion syatem capabilities. As has been noved above, in & real
acaelerator, wnen tne jet veloaity beinyg regulated in & cersain range, the
erriciency depends on at&- const, (see rer.39 and 16v):

O N(t)< Nmax(V)& No » O% Vorin & VI ]S Vmeax < &2

ot fdvcoiet)s MoelV)MoRV)i W= fi
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| ba= G| VI2), T W) e mox 6o (T) (aa)
Co(0)<Gulo)-t, £(2)-5 » Z10)=-2 ; F(T)-Z; , 775)7F

—

Por tne written sut or the equations the optimal oonvroLla) (%), 1 (t),
¥ (t) ana ops Gy, providimy G, .-, are ceterminea. As an example, tne
following simplest regulating onsracteristvia J (¥) is considered:

f at‘ I/n-»u‘n < V\‘ VMX

N=1
i N=0 2/;,/: 0 at V< Von : VEVimx

i i Tk ot i A,

woion in limit osses transtorms into iueally regulated ana unregulatved sys-

tema (rig.4l), Ine Presence 55 yne arcs witn]/;pc(t), Ifalgax anu N = O 18

i seen iu (rige.42). In tig.4> inaioatea the programm Of optimal restrioted

,1 exhaust velouity convrol ror tne example 0r the Earth-Mers mission. Another

'1 ' kind ox regtriotions, that is imposeu on tne time ox tne propulision system

operation, 1s coasidered in (307.

Witn long time 0f tne propulision Syswwms Oopsration tne proolem of

: reliability beoomes oz egpecial imporvanve, ue relavion oxr tne reliabitity
prodlem to the ohoice Or tne opcimal trajectory ana weignt parame ters has

i been investigated in detail in 1727; and aoccoraingly, wne aogount 1I0r the

]

1

trajeotory oorrection im the problems or tne weigut parametexs opuimigzation
Tor tne power-limitea propulsion systems nas been considerea in L1687,

In conolusion it mgy be noted, tnat tne propulsion system conbragting,
oontained in a number ot works, is not always soientitioally justiriea.
It 18 more corrvot to investigate /1217, £32/ tne optimal comvinavion and
k the domains 01 vne reasonavle applicatiOn 01 tne various propulsion systems.
i As an example in 11g.44 /1217 for tue two simulation problems (velu=-
s oity inoremens ili1guv along vne aistance L) tnere preseated data ot power-
; -limited propulsion sys.ums combination with limited jet velooity.
: domain, wnere this compbination ag reasonaple,
1 proximivy 10xr each ot the propulsion gysvems.
b ine inalocated data deal briefly only with the
j tiug aspeots 0t the basiu ocarriea out works;
i investigations by tne metnods 0f the
Pars Iv ox our survey A237,

108 snadea
corresponds to wne payload

rorpulatiug ana resule
tae statemunt ot tne essential
veriational proolem solution see in
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